Abstract. Single crystals of the new host Ba 12 F 19 Cl 5 doped with Eu 2+ were grown and studied by electron paramagnetic resonance (EPR) and luminescence emission spectroscopy. Three different Eu 2+ sites were observed. Two of them had orthorhombic point symmetry while the last one was monoclinic. Physico-chemical and symmetry arguments allowed us to establish correspondence between the different Eu 2+ centres and the host cation lattice sites. All three centres presented in their ground state important crystal field splitting. The 80 K luminescence emission spectrum consisted of one broad unsymmetrical f-d band peaking at 22 700 cm −1 . No 4f-4f transitions of the Eu 2+ ion were observed between room temperature and 80 K.
Introduction
Alkaline earth fluorohalides and fluorides are important host materials for rare-earth ions (REIs) in view of their use as solid state lasers [1] . Many of these matrices doped with transition metal ions (TMIs) [2] further proved to have model character for the investigation of magnetic and optical properties of the impurities. Mixed matlockites containing Sm 2+ were the first materials to show reversible and stable optical hole-burning at room temperature [3] . Another important aspect is the photo-stimulated luminescence (PSL) exhibited by the BaFBr compound doped with Eu 2+ (see e.g. [4] [5] [6] and references therein). This enabled its use in imaging screens for two-dimensional x-ray radiography [7] . Another much less investigated aspect of these materials is that several of this class present luminescence emission properties of considerable practical interest when doped with TMI or REI. Though much practical knowledge has accumulated in this field there is still much research to be done on specific systems, in particular on fundamental issues regarding structures and mechanisms involved in the high efficiency emitters.
Recent studies of the (BaF 2 -BaCl 2 ) phase diagram brought new compounds [8, 9] which show new and promising optical properties as hosts for RE impurities. Details of the structure of the local REI complexes have to be known for advanced insight into the REI-host interactions involved in the excitation transfer. In particular this involves acquiring knowledge of the location of the RE ion and the influence of the ligand field on the electronic structure. For these reasons, a detailed spectroscopic study of the europium impurity in the new host was undertaken. This paper presents results on the crystal growth and on the electron paramagnetic resonance (EPR) and optical luminescence spectroscopy of this ion (ground state 8 The EPR spectra were obtained at 36 GHz on a home-built superheterodyne Ka-band spectrometer with low temperature equipment of our design. Data analysis and the computer simulations were performed with our SPINHAM program [10] . Luminescence and optical excitation measurements were carried out with a home-built spectrophotometer already described elsewhere [10] .
Results

EPR experiments
Most of the EPR spectra were recorded at 78 K. But a few experiments were performed at 4.2 K to determine the absolute signs of the b m 1 parameters. Three mutually independent Eu 2+ EPR spectra were observed. The associated europium sites are denoted in the following No 1, No 2 and No 3 respectively. The spectrum recorded with the magnetic field B parallel to the a crystal axis is shown in figure 1 . It consists of groups of seven fine-structure lines (S = 7/2), each with a typical full width at half maximum (FWHM) of about 400 MHz. This quite large FWHM is mainly a consequence of the unresolved hyperfine structure due to the isotopes 151 Eu and 153 Eu. As the overall spectrum is complex, it was necessary to study its angular variation in several crystallographic planes and with an angular increment of only 2.5
• . The angular variation obtained with B (ab) evidently reflects the hexagonal symmetry of the crystal. The angular variations with B (ac) and B (b * c), respectively, show that (ab) is a mirror plane for all three sites. Thus when B c each site will contribute one set of seven lines whereas when B a each one will produce two sets.
Site No 1 presented its maximum fine structure splitting with B a. The stick-diagram labelled (1) in figure 1 marks the corresponding set of EPR lines. The experimental angular variations of this spectrum obtained when B was rotated in the (ab) and (ac) planes are given in figures 2(a) and 2(b), respectively. These two plots show that (ac) and (ab) are mirror planes. Thus the Eu 2+ centre No 1 has orthorhombic symmetry with the maximum splitting of its EPR spectrum parallel to an a axis.
Site No 2 gave an experimental angular variation of the EPR spectrum in the (ab) plane which is presented in figure 3 . For clarity, only the (M J → M J ) = 5/2 → 3/2 and −3/2 → −5/2 transitions are shown there. The extremum of the fine structure splitting was observed at ±4.7
• from the a axis. As before, the stick-diagram (labelled 2) in figure 1 (1), (2) and (3), respectively, label the spectrum with the larger splitting for each of the three (see text).
marks only the set of lines of this spectrum showing strongest splitting. The angular variations in the (ac) and (b * c) planes further demonstrated that only (ab) is a mirror plane for this site. The Eu 2+ centre No 2 has thus monoclinic symmetry with a maximum splitting in the (ab) plane, at ±4.7
• from the a axis. Site No 3 produced an EPR signal of comparatively lower intensity. The EPR lines corresponding to this site are labelled by the stick-diagram 3 in figure 1 . In spite of the low intensity it was possible to follow the angular variation of the lines near the principal axis of the crystal field tensor. The result is that the largest fine structure splitting was observed for B a and that (ac) and (ab) are mirror planes. Thus, the Eu 2+ centre No 3 has orthorhombic symmetry with the principal crystal field axis along a.
3.1.1. Parametrization. Due to the very complex angular variations of the overall spectrum, the detailed symmetry analysis presented above was mandatory before useful spin Hamiltonian parameters could be determined. The further procedure used is already described elsewhere [10] . The angular variations of the orthorhombic sites, No 1 and No 3, were parametrized with the following spin Hamiltonian:
For the monoclinic site (No 2), the spin Hamiltonian was:
The O m 1 represent Steven's operator equivalents [11, 12] them to zero distinctly decreased the quality of the fit. The absolute sign of the crystal field parameters was determined by analysing the relative intensities at 4.2 K. Theoretical angular variations were calculated with the aid of equations (1) and (2) and by using the constants of 
Optical experiments
Optical emission and excitation spectra were obtained at room temperature and at ∼80 K from the same Ba 12 F 19 Cl 5 :Eu (1‰) samples previously studied by EPR. The 80 K emission spectrum (excited at 31 200 cm −1 ) is presented in figure 4 (a). It exhibited one broad unsymmetrical band with unresolved structure, with a maximum at 22 700 cm −1 . The excitation spectrum at 80 K (detected at 24 700 cm −1 ) ( figure 4(a) ) consisted of three large structures (maxima: 29 700, 36 200, 40 900 cm −1 ) formed by several partly resolved bands. Efforts to identify Eu 3+ in these crystals gave negative results.
Discussion
EPR experiments
Three different barium environments are present in the pure Ba 12 F 19 Cl 5 structure [8] . All have coordination number nine as shown in figure 5 .
Cluster (A) (see figure 5(a) ) has point symmetry group C 2v and is formed by five fluorine and four chlorine ions surrounding the barium ion. Four fluorine ions (2 F2 and 2 F3) form a rhombus which can be considered as the base of the cluster whereas the four chlorine ions (4 Cl1) subtend above the Ba ion a larger rectangle rotated by 45
• around the axis. The last fluorine ion (F5) located on the C 2 axis is capping the chlorine frame. It has the shortest Ba-F distance (250 pm). This arrangement around the barium ion is similar to the one found in the BaFCl structure [14] . But note that the local point symmetry of the barium ion in this last mentioned host is C 4v .
The barium ion of cluster (B) has C 2v point symmetry too ( figure 5(b) ). The structural differences between this cluster and (A) are that here the frame forming the base is heavily deformed as it consists of two fluorine (2 F2) and two chlorine ions (2 Cl1) in trans positions whereas the second one consists of only fluorine ions (4 F1). The fluorine ion F4 caps this latter frame and is on the C 2 symmetry axis.
The lower symmetry C s of cluster (C) (figure 5(c)) with respect to (A), (B) is due to the fact that the 'upper' distorted rhomboid is made up by two fluorine (2 F4) and two chlorine ions (2 Cl2) in cis positions whereas the base consists of four fluorine ions (F1, 2 F2 and F3). The fluorine ion (F1) caps the former frame. The mirror plane is parallel to (ab) and contains the ions F3, 2 F1 and Ba.
The experimental fact that in many alkaline earth halide and double halide hosts the Eu 2+ ion introduced as an impurity always occupies the cationic lattice sites is well established (see e.g. [2, [15] [16] [17] [18] ). This is in agreement with ionic radius and iso-charge arguments. 
Optical experiments
We assign the broad emission band to 4f 6 5d → 4f 7 transitions of the Eu 2+ ions, similar to the situation in many Eu 2+ doped alkali and alkaline earth halide and double halide crystals (see [18] and references therein). The band shows an ill resolved structure but can be completely decomposed into three Gaussians (see figure 4(a) ). Figure 4 (b) further shows for comparison the excitation-emission spectrum of BaFCl:Eu 2+ (one single cation lattice site as confirmed by EPR) recorded at ∼80 K [17, 19, 20] . This emission spectrum consists of one very nearly Gaussian curve superposed by the well known f-f transitions between 27 300 and 27 600 cm −1 . By assuming that each one of the three Eu 2+ centres in the Ba 12 F 19 Cl 5 structure contributes only one d-f emission band three Gaussians can be assigned to the three sites. It is well known that the ligand field has stronger effects on the 5d levels than on the 4f ones and it can be expected that the 4f 6 5d 1 configurations of the three centres are affected mutually differently. The structure of the excitation spectrum is probably much more difficult to interpret as the complex level structure is determined by several factors: the mutually not strongly separated multiplets of the configuration (4f 6 ( 7 F J ), 5d 1 ) (total splitting ∼1100 cm −1 ), the important ligand field and the comparatively strong electron-phonon coupling (S > 24 for the observed bands). As no intra-f-shell 6 P 7/2 → 8 S 7/2 transitions were observed (in contrast to the BaFCl:Eu 2+ case, figure 4(b) ) the 4f 6 5d 1 level structure reaches energies below the lowest excited 4f 7 terms for all three centres.
Conclusion
The EPR and luminescence studies presented above show that the Ba 12 
